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RiverAbstract Over the past few decades, the cause of many bridge failures has been reported to be
abutment scour. A large number of studies have been conducted to develop countermeasures to
ensure the safety of existing bridges. A submerged vane is a measure that has recently been studied
and found to be a promising scour mitigation technique for river bank erosion. Therefore, the main
purpose of this study was to evaluate the performance of a submerged vane in the case of abut-
ments. Several tests were conducted with and without vanes. Different vane positions and angles
were examined. A single vane attached to the upstream nose of an abutment was found to be
the most effective at decreasing, shifting, and warding off a scour hole. The results showed that
the most appropriate vane angle was 40. The efﬁciency of the new measure could reach 95% under
some ﬂow conditions.
 2015 Faculty of Engineering, Ain Shams University. Production and hosting by Elsevier B.V. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Bridge abutments redirect the incoming ﬂow and cause distur-
bances in river ﬂow patterns. Thereby, three-dimensional ﬂows
are formed around abutments. Many vortexes are developed
around abutments, which eventually causes bed sediment tobe picked up and transported downstream, creating scour
holes at bridge abutments. In a case where the scour depth is
deeper than the abutment foundation, the abutment, or even
the bridge, may collapse. Over the past few decades, many
studies have been conducted to understand the mechanism of
this phenomenon and determine the important hydraulic vari-
ables associated with the scour (Melville [1]; Melville [2];
Melville and Coleman [3]; Barbhuiya and Dey [4]. At the
upstream face of an abutment, a pressure gradient is developed
due to the stagnation of the approaching ﬂow, which drives the
ﬂuid downward, creating a primary vortex along the abut-
ment. According to Ricky et al. [5] the down-ﬂow will reach
the bed surface and pick up sediment particles, which then will
be washed away by the primary vortex in a spiral around the
abutment. To date, various methods for estimating the scour
depth at abutments have been developed by many authors
Notations
d ﬂow depth
D50 median particle size of the bed material
Fr Froude number
g acceleration of gravity
H height of the vane
h hours
l abutment length
Pr percent reduction of scour depth for each alterna-
tive compare to the base line test for the same ﬂow
condition
V ﬂow velocity
y maximum scour depth after 13 h of running test
and Fr = 0.22
ys maximum scour depth after each test
a angle of vane attached to the upstream nose of
abutment
776 M. Shafai Bejestan et al.(e.g., Chang and Davis [6]; Richardson and Davis [7]; Sturm
[8]; Sui et al. [9]. The development of techniques to prevent
scour at bridges has also been given attention. In general, there
are two methods of controlling scour in river engineering prac-
tice: (1) armoring or covering the river bed material around the
abutments and (2) modifying the approaching ﬂow patterns in
the vicinity of abutments to reduce the strength of the down-
ﬂow vortex or redirecting the approaching ﬂow from the abut-
ment. Design guidelines for some of these mitigation tech-
niques can be found in Lagasse et al. [10], Lauchlan [11],
Cardosa and Fael [12], Melville et al. [13], Melville et al.
[14], Radice and Lauva [15], and Radice and Davari [16].
Johnson et al. [17] conducted tests to investigate the effect
of the location, number, and non-submerged vane angle on
the reduction of scour at a bridge abutment. The abutment
located in the ﬂood plain and the vanes to be tested were
installed in the main channel. Their conclusion was that vanes
could effectively force the streamlines to separate from the
channel bank at the vane, causing reduced velocities and shear
stresses at the bank and increased velocities in the center of the
channel. Thereby, the abutment scour was moved away from
the bank and abutment toward the middle of the channel.
Barkdoll [18] reanalyzed the experimental data of Johnson
et al. [17] and stated that although the use of non-submerged
vanes attached to the bank could shift the scour hole from
the bank, the maximum scour depth tripled at the tip of the
vane because of the contraction of the channel. The non-
submerged vane could also accumulate debris during ﬂood sea-
son, when ﬂoating logs are more commonly transported.
Despite the design guidelines and many studies in the liter-
ature, there are still unanswered questions concerning abut-
ment scour mitigation for certain types of bridges in certain
locations, which lead to further research in hope of ﬁnding efﬁ-
cient measures for existing bridges. For practical purposes,
new pier or abutment scour countermeasures should not (1)
accumulate debris (Tafarojnoruz and Gaudio [19]), (2) cause
aesthetic problems (e.g., sacriﬁcial piles or guide panels,
Tafarojnoruz et al. [20]), or (3) interfere with the bridge struc-
ture (e.g., by drilling a slot through an abutment or a pier,
Gaudio et al. [21]).
The application of a submerged vane as a countermeasure
against abutment scour, which has not been studied so far,
at least to the best of the authors’ knowledge, was therefore
the main goal of this study. The hypothesis behind the present
study is that by installing a submerged vane, secondary cur-
rents will be generated due to the vertical pressure gradienton the two sides of the vane. These vertical velocity compo-
nents form vortices at the trailing edge of the submerged vane.
The resulting vortices roll up to form a large vortex (tip vortex)
springing from a position that is somewhat below the top ele-
vation of the vane. This vortex moves downstream with the
ﬂow, while it circulates transversely. It gives rise to a helical
motion that causes changes in the bed-shear stress and bed-
sediment transverse distribution (Odgaard, [22]). Because of
this vortex, a vertical shear layer is developed along the chan-
nel at the position where the vanes are installed. Thus, the ﬂow
velocity within the channel between the bank and vanes is
reduced, causing a weakening pressure gradient and down-
ﬂow vortex upstream of the abutment, with a reduction in
the abutment scour expected. Thus, the aim of the present
study was to experimentally determine the positioning criteria
and angle of a submerged vane as a countermeasure to abut-
ment scour.
2. Experimental set-up
In this research, a laboratory recirculation ﬂume was used. It
was 9.0 m in length, 1.0 m in width, and 0.6 m in height, with
a constant slope of 0.0003, and side walls of transparent
Plexiglas. A 2.0-m-long reach of the ﬂume bottom was covered
with sand with a relative density of 2.65, having a median grain
size D50 of 0.5 mm and standard deviation of 1.22. The depth
of the sediment bed layer of the test reach was ﬁxed at 30 cm.
The length and width of the rectangular abutment were 20 and
15 cm, respectively. Fig. 1 shows the sectional view of the
ﬂume.
A centrifugal pump discharged water from an underground
reservoir into the stilling tank at the entrance of the ﬂume. A
tail gate was used to adjust the ﬂow depth (d) of the water
to 15 cm within the entire ﬂume. The ﬂow discharge was mea-
sured and adjusted using a standard 53 triangular weir, which
was installed at the outlet system of the ﬂume. Each test started
after the bed sediment was leveled using a spirit level, and
water ﬂow was introduced to the ﬂume very slowly by closing
the tail gate so that no scouring occurred around the abutment
before the ﬂow conditions reached the desired conditions.
Once the ﬂow discharge and ﬂow depth were ﬁxed, the scour
and ﬂow characteristics were obtained at intervals. The ﬂow
conditions (Froude number) were maintained within an
acceptable range so that a clear water condition existed in all
the tests (the velocity ratio V/Vc was equal to 0.67, 0.76,
0.86, and 0.95, where V is the ﬂow velocity equal to 0.19,
Figure 1 View of the experimental ﬂume.
Submerged vane-attached to abutment 7770.21, 0.24, and 0.27 m/s, and Vc is the critical velocity for incip-
ient motion). The value of Vc was determined from existing
empirical equations and veriﬁed by conducting initial tests. It
was found to be equal to 0.28 m/s for the sediment used in this
study. At the end of each test, the scour and sedimentation pat-
tern was measured in 3 cm · 3 cm mesh grids with the help of a
laser distance meter that could be moved along rails ﬁtted at
the top of the ﬂume. Rectangular plates are the most com-
monly applied shapes for ﬂow-training vanes because of their
easy construction and ﬁeld installation. The dimensions of
the vanes (i.e., height and length) were determined based on
the water depth at the design stage. Rectangular galvanized
steel sheets (1 mm thick, 5 cm in height, and 10 cm in length)
were used as submerged vanes. The vane dimensions were cal-
culated based on the recommendations of Odgaard and Wang
[23], in which the vane’s height (H) and length was 0.3d and
2H, respectively.
In this study, three series of experimental tests were per-
formed: series A (to see the effects of the number of vanes), ser-
ies B (to investigate the effect of the vane location), and series
C (to investigate the best vane performance under long dura-
tion tests). In addition to the above series of tests, baseline tests
were carried out without installing a vane under different ﬂow
conditions. In these tests, each test took 13 h to almost reach
the equilibrium scour depth (less than a 1-mm change in the
scour depth after 12 h). These tests were also repeated for
2-h durations. This was also the duration time used for test series
A and B. Although this length of time did not yield the max-
imum scour depth, it did provide approximately 80% of the
total scour depth of the baseline test for the same period of
time (see Fig. 2). Fig. 2 displays the variation of ys/y, in which
ys is the maximum scour depth at the end of each test, and y is
the maximum scour depth at the end of the test for Fr = 0.22
and T= 13 h versus the Froude number, Fr = V/(gd)
0.5. Here,Figure 2 Variation of scour depth ratio versus Froude number
for base line tests.V is the average approaching ﬂow velocity, g is the acceleration
of gravity, and d is the ﬂow depth.
Because the main goal of these tests was to determine any
change in the scour pattern with the use of different vane posi-
tions and angles, rather than the determination of the maxi-
mum scour depth, the 2-h time interval was determined to be
an adequate time period for test series A and B. The ﬁnal tests,
series C, were carried out with the submerged vane installed at
the best location and angle, as determined from the previous
tests, for a long duration of 13 h.
The uncertainties in the experimental data presented in this
paper are as follows: (a) for bed levels, the maximum uncer-
tainty would appear to arise from the positioning of the laser
at the scour bed, which may be considered to be half of the sed-
iment size (±0.4 mm or ±1%). The ﬂow depth was measured
with the help of a point gage with an accuracy of ±0.1 mm by
considering that some small surface waves lead to a maximum
error of ±1%. For the ﬂow discharge, which was measured
using a V-notch weir, the highest error was estimated to be
on the order of ±3%.
3. Results
3.1. Baseline tests
The bed topography of the baseline tests is shown in Fig. 3.
These ﬁgures show the plot of the bed level measurement after
each test. As can be seen, the location of the deeper part of the
scour hole always occurs at the upstream edge of the abut-
ment, and it increases as the Froude number increases. This
is because the ﬂow separation, and therefore the down-ﬂow
vortex that is responsible for bed scouring, is getting stronger
as the approaching ﬂow velocity increases. In Fig. 3a, the
Froude number is equal to 0.15, and the test was run for
13 h. A small area of the bed around the abutment was
affected by the scour. In Fig. 3b, the Froude number increases
to 0.18 and, as can be seen, the bed area affected by the scour
increases. In Fig. 3c and d, the Froude number is 0.20 and
0.22, respectively. The scour depth alters the entire bed area
around the abutment and reaches the bank; the scour depth
increases as the Froude number increases. The bed topography
of the bed for a Froude number of 0.22 and run time equal to
2 h is also shown in Fig. 3e. As can be seen from this ﬁgure,
the whole test area is altered by the abutment scour. The bed
topography pattern is almost the same as that shown in
Fig. 3d with a duration time of 13 h. However, the maximum
scour depth in the 2-h-duration test is almost 80% of the max-
imum scour depth of the test with a duration time of 13 h, as
discussed earlier and shown in Fig. 2.
Figure 3 Bed topography of the base line tests for different ﬂow conditions.
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Four different vanes positions were tested to determine the
effect of the vane location on the scour patterns, as shown in
Fig. 4. Three vanes were installed upstream of the abutment
with the spaces between vanes equal to 20 cm (four times the
vane height) at three different distances from the river bank:
1.5 l, l, and 0.5 l, as shown in Fig. 4, respectively. Here, l is
the abutment length, which is equal to 20 cm. The vanes were
installed normal to the ﬂume bed at a 15 angle of attack in an
alignment that caused the approaching bed sediment to be
shifted toward the river bank, the case which is used for bank
protection (Odgaard [19]).
In all these tests, as expected, the developed shear layer at
the vane positions divided the approaching main ﬂow into
two parts: a low velocity part that attacked the abutment
and a higher ﬂow velocity part in the middle of the ﬂume.
By comparison of the water surface elevation of these tests
with that of the baseline tests shows a decrease in the pressure
gradient at the abutment, which of course is due toapproaching the lower ﬂow velocity. A reduction in the pres-
sure gradient causes a reduction in the down-ﬂow vortex,
which therefore reduces the abutment scour, as expected.
The increase in the ﬂow velocity in the middle of the ﬂume is
the main cause of the scour depth at the tip of each vane, with
its maximum at the tip of the ﬁrst vane. The scour at the tip of
a vane is usually less than the scour depth at the edge of an
abutment because the vanes are submerged.
At the end of each test the bed topography was measured,
and the maximum scour depth was obtained. In all the tests, a
scour hole was created at the tip of the vane. The amount of
reduction in the scour depth as a percentage (Pr) was calcu-
lated for each installation angle using the following equation:
Pr ¼ dsðmax imum scour depth with::vaneÞ
dsðmax imum scour depth without::vaneÞ  100 ð1Þ
The maximum scour depths at the edge of the abutment for the
A1, A2, and A3 alternatives were measured to be 110, 109, and
103 mm (reductions of 14%, 15%, and 20% in comparison to
the baseline test), respectively. However, a scour hole
Figure 4 Different alternatives of vane positioning.
Figure 5 Different alternative of a vane-attached angles tested in
this study.
Figure 6 Percent reduction of maximum scour depth caused by
different vane-attached angle.
Submerged vane-attached to abutment 779developed around the tip of each vane, with its maximum
depth upstream of the vane. The test observations and bed
topographies of the trial alternatives for the vane positions
proved that as the vane moved closer to the abutment, the
scour depth became less. Therefore, alternative A4, in which
the ﬁrst vane was attached to the abutment, was utilized.
For this test, the maximum scour depth at the tip of the vane
was measured to be 72 mm, which shows a reduction of 44%
compared to the case of the baseline test. With A2, because
of the ﬂowing water around the abutment, the scour depth
was about three times greater than that for A4. This was
because, with A4, the lower part of the approaching ﬂow
was redirected by the submerged vane, which was attached
to the abutment. Therefore, the scour hole shifted from the
edge of the abutment to the tip of the vane. The eroded sedi-
ments were deposited behind the vane at the nose of the abut-
ment. The results of this test showed that a submerged vane
attached to an abutment not only shifts the scour hole from
the abutment nose to the vane tip, but it also decreases the
maximum scour. Therefore, in the following tests, a single vane
attached to the abutment was considered.
3.3. Vane angle
In this series of tests, a single vane was attached to the abut-
ment to determine the best angle for installation. To move
the scour hole further from the abutment, the length of vane
was 15 cm (3 times the vane height). Fig. 5 displays different
alternatives that were tested for the vane-attached angle. As
previously mentioned, each test used a Froude number equal
to 0.22 and run time equal to 2 h.
The scour reduction for each vane angle alternative (Pr)
was calculated using Eq. (1) and plotted versus the vane’s
angle, as shown in Fig. 6.
Fig. 6 clearly deﬁnes the signiﬁcant effect of the vane angle
on the scour reduction. For a vane angle of 25, the scour
depth reduction was calculated to be almost 45%, and as the
angle increased, the scour reduction increased and reached
its maximum reduction of almost 89% when the installed angle
was 40. A further increase in the vane angle caused the scour
depth to increase, and when the vane was installed at a 60angle, the scour was reduced to 89% of the baseline test. For
the 60 vane angle, the ﬂow pattern deviated more toward
the ﬂume’s center, which caused a wider range of bed sediment
to erode. Therefore, the recommended vane-attached angle is
40.
3.4. Final tests
The ﬁnal tests were conducted to see the effect of the most
appropriate vane angle (40) on long duration tests under dif-
ferent ﬂow conditions. The bed topography after each test is
shown in Fig. 7. Scour holes at the tip of the vane with maxi-
mum depths of 3, 10, 20, and 60 mm were obtained for Froude
numbers of 0.15, 0.18, 0.20, and 0.22, respectively, which
Figure 7 Bed topography of the ﬁnal tests for different ﬂow conditions.
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compared to the baseline tests. In comparison to the bed
topography of the baseline tests (Fig. 3), it is clear that the
vane caused a separated ﬂow away from the abutment.
Therefore, the scour hole shifted away from the nose of the
abutment to the tip of the vane. These ﬁgures also show that
as the Froude number increases, a wider area of the bed is
eroded. Transported sediment from the scour hole is deposited
behind the abutment to some extent.
It is also clear from Fig. 7 that for the vane attached at an
appropriate angle, the scour hole is always smaller than that in
the baseline tests. To show these results, Fig. 8 shows the vari-
ation of the ratio of the scour depth at various times to the
maximum scour depth after 13 h of testing under the same ﬂow
conditions for both the baseline and single 40 vane in the
abutment tests versus the Froude number.Figure 8 Scour depth for different ﬂow conditions.3.5. Flow patterns
The effects of a single vane attached to an abutment on the
ﬂow patterns were local. After attaching the vane, the water
surface was modiﬁed as can be seen in Fig. 9, which compares
the longitudinal water surface proﬁle for the best performance
vane with the baseline test when the Froude number was 0.22.
The sudden drawdown of the water surface at the contracted
section can be observed for both tests with less for the case
of the attached vane. This occurred because the submerged
vane could decrease the approaching ﬂow velocity in the vicin-
ity of the abutment.
The longitudinal vectors of the ﬂow velocity for the best
performance vane and the baseline test at an elevation of
4 cm above the bed (Fr = 0.22) are shown in Fig. 10. With
the attached vane, the approaching velocity vector becomes
weak; these vectors are redirected toward the middle of theFigure 9 Longitude water surface proﬁle (Fr = 0.22).
Figure 10 Longitude velocity vector.
Figure 11 Vertical velocity vector.
Submerged vane-attached to abutment 781ﬂume further from the abutment. In the case of no vane, the
velocity vectors are concentrated at the tip of the abutment.
This can cause high turbulence and a shear stress zone, which
may result in more scouring at this location. Such concentrated
vectors do not exist at the tip of the vane, which ensures pro-
tection of the vane tip from excessive scouring. A counter-
clockwise free horizontal vortex can be observed downstream
of the abutment, which can accumulate sediment at its center.
In Fig. 11, the vertical ﬂow velocity vectors are presented
for both the tests with and without the attached vane. The
zones of higher velocity around the abutment and at the tip
of the vane indicate that these areas are more affected by
scour. With the attached vane, a zone of low velocity is
observed at the abutment nose, which can reduce the scour
depth.
Figs. 10 and 11 reveal that a single vane modiﬁed the
approaching ﬂow sufﬁciently to reduce the bed scour at the
nose of the abutment. It guided the incoming near bed ﬂow,
and causes the ﬂow close to the bank to slow and roll away
from the abutment toward the mid-ﬂume in the presence of
the vane. The faster overtopping ﬂow from the vane top cre-
ated a secondary ﬂow, which counteracted the primary vortex
around the abutment. A counterclockwise circulation down-
stream of the vane could deposit sediment behind the vane.4. Conclusions
This paper presented the results of tests conducted on sub-
merged vanes as a countermeasure against abutment scour.
Different alternatives for vane positions and angles were
tested, and the resultant bed topography or maximum scour
depth was compared with the results of tests with no vane.
The results revealed that the use of a single submerged vane
attached to the upstream nose of an abutment could effectively
force the ﬂow to separate from the abutment, causing a reduc-
tion in the velocities and shear stress at the abutment and
increasing these ﬂow characteristics in the middle of the main
channel. By modifying the ﬂow pattern, the scour at the abut-
ment was reduced. The appropriate angle for attaching the
vane to the bank was found to be 40. In comparison with
the use of non-submerged vanes attached to a bank, as in
the work by Johnson et al. [17], the use of a submerged vane
attached to the abutment not only shifted the scour hole from
the nose of the abutment to the tip of the submerged vane, but
the scour depth could be decreased by up to 95% under low
ﬂow conditions. The new measure can be cost-effective and
easy to install at existing bridges. It does not cause aesthetic
problems with the bridge or accumulate debris since the vane
is always submerged during ﬂood seasons in which the debris
782 M. Shafai Bejestan et al.is transported. In addition, it does not interfere with bridge
structures since the submerged vane is attached to the
abutment.
The design criteria presented in this paper were developed
under laboratory conditions. In addition to those tested here,
it would be helpful to test different alternatives for attaching
vanes to abutments when a pier or group of piers also exists
under live-bed conditions.Acknowledgements
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